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AHasI43 rTpadoB TpaHCHOpTHBIX MOA3CMHBIX CeTeli 
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Adasli3 rpadiB TpaHCcnopTHuXx Mijj3eMHUX Meperk 


The methodic of city subway networks analysis on the basis of graph characteristics (centrality, connectivity and 
shape) is proposed. The subways characteristics were calculated from subways indexes (number of lines, number of 
stations, length of lines in kilometers, ridership per year) and from indicators of cities urbanization (area and 
population). The interrelation between graph (road) structures and weights of their edges, and between 7 -index 
describing the shape of the graph and the number of passengers is demonstrated. It is shown on a practical example 
that the analysis of structure of proposed road network graphs can be useful in determining the sequence of new roads 
construction. Clustering of underground transport networks based on characteristics of network graph structure was 
performed for the first time. 

Keywords: graph analysis, transport network, underground, GIS 


TIpeyioxkeHa MeTOaKa aHasIv3a TOPOACKHX CeTeli MeTPOTIOJIMTeHOB Ha OCHOBe XapakTepHCTHK Tpacos (LeHTpasIbHOCTs, 
CBASHOCTb M (bopMa). 3HateHHA XapakTepHCTHK paccdHTaHbI Ha OCHOBe HHJIEKCOB MeTPOMOJIMTeHOB (KOJIHYeCTBO 
JIMHMM, KOSIMYeCTBO CTAHIMi, IpOT#WKeHHOCTS JIMHUI B KWJIOMeTpax, MaccaKMpOOTOK B Tom) H MoKa3aTestet yp0a- 
HV3alMH TOpoOuOB (TWIOWAalb H 4YHCeHHOcTH HaceyleHua). Moka3aHa B3aMMOCBA3b M@xKIY CTpyKTypoii rpados 
TPaHCHOpTHBIX CeTeii, BECOM MX Ayr U TU -MHAeKCOM JIA OMCaHUA (OpMBI rpadba u KOM4eCTBa HaccaxKMpoB. 
Ha mpakTwueckoM MpvMepe ToKa3aHO, YTO aHaJIM3 CTPyKTypbl MpeACTAaBIeHHBIX TpaoB TpaHCMOpTHBIX ceTeti 
MOX%KET HCMONB3OBATECA TIA OTIPeeNeHHA MOCMeOBATEIIBHOCTH 3TAMOB CTPOHTeILCTBA HOBBIX JIMA. BriepBbie 
BBITOJIHeHa KlaCTepH3al[A TpaHCHOpTHBIX MO]3eMHBIX CeTeli Ha OCHOBe XapaKTepHCTHK CTpyKTypbI rpaca ceTH. 
K.ouesble copa: ahasiv3 rpacos, TpaHcnopTHble ceTH, MeTporiosuTeH, TMC 


3anponoHOBaHO MeTOMKy aHali3y MICbBKMX MepexK MeTPONOITeHIB Ha OCHOBI XapakTepHCTHK TpatpiB (LeCHTpasIbHICTB, 
3B'93HICTb i (popMa). 3HaYeHHA XapaKTepHCTHK pO3paxOBaHi Ha OCHOBI iHACKCIB MeTPOMOMITeHIB (KIIBKICTb JH, 
KUIBKICTb CTaHUii, MpOTPKHICTb HIM B KIIOMETpax, Tac@KUpONOTIK Ha pik) i NOKa3HHKIB ypOaHi3allli MicT (TuIOWWa Ta 
YMICeJIBHICTb HaceyieHHs). [TpoeMoHCTpoBaHO B3a€MO3B'130K MDK CTpyKTyporo rpacpiB TpaHCnOpTHHX Mepexk, Baroro Ix 
Hyr i 7 -iHyeKcom ya ormmcy cbopmu rpada i KiIbKOcTi Nacaxnpis. Ha npakTH4HOMy MpHKafli MOKazaHO, LO aHasti3 
CTpyKTypu NpescTaBNeHHx TpaiB TpaHcnoOpTHHX MepexK MO2xKe BUKOPHCTOBYBaTHCA JIA BU3HAYCHHA TOCIITOBHOCTI 
eTaliB OyJiBHHUTBa HOBMX JH. Bnepiie BMUKOHaHO KIaCTepH3alitO TpaHCIOpTHHX TiT3eMHHX Mepe%K Ha OCHOBI 
XapakTepHCTHK CTpyKTypH rpacba Mepexxi. 

K.nrouosi copa: aHasi3 rpacbiB, TpaHcnopTHi Mepexi, MeTporomiten, TIC 


Introduction 

Researches on applying graph theory to analyze transportation networks have been 
carrying out since the 1960-s till the present days. The most famous works were published by 
David Levinson, Mike Batty, Paul Longley etc. 
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Analysis of transport networks graphs involves solving problems: 

— forecasting and evaluating transport network growth [1, 2]; 

— studying the influence of transport network structure and topology on quantitative 
indicators of traffic flows [3]; 

— investigation of dependence of network structure from the size of cities ground 
transportation and urban structure [4]; 

— construction of dynamic models of urban systems using GIS technologies based 
on cellular automata, agent-based modeling and fractal analysis [5, 6, 7]; 

— investigation relationships between quantitative indicators of transport network 
structure and its performance, density and urban spatial pattern, and the trips distance for early 
solution of transport problems etc. 

The up-to-date researches don’t pay enough attention to network bandwidth analysis 
depending on the parameters of structure of the network graph. This aspect is investigated 
in the paper. 


Basic Definitions 


Graph G (Vv le ) is a pair of two sets — non-empty set of nodes V and an assemblage E 
of unordered pairs of distinct elements of V_ set [8]: G (V, E) = VV; E),v #0,EECVxd. 

Pairs of the E assemblage are called as ribs. The number of nodes of a graph G is denoted 
as n and the number of edges — m (n =n(G),m=m (G)):n(G)= \V ,m(G)=|E 


E| — V ,E cardinal number. Assume that v,,Vv.— nodes, e = (v, ,V >) = 


> 


where VV 


> 


edge between them. 
Maximum distance for a given graph G is called as diameter: 


D(G) = max d(u, v). 
The set of nodes at the same distance g from the node v is called as tier: 
D(v,g) = {u E V|d(v, u) = gh. The distance matrix (d;, i, j=1,2,....0 of the G graph 
is defined as: dj ; = d(vi, v;). 


Characteristics of Graph Structure 

The principle characteristics of graph structure are its centrality, connectivity and 
shape. Centrality characterizes the positionality of graph nodes. Absolute index S, of the 
v; node accessibility is the sum of distances from this node to other nodes [9, 10]: 
Si = Vidi . 

J 

The v;,- node is called a central if it possesses the smallest absolute value of 
reachability index S,- = min§;. 


The K6nig's number K, is also the absolute index of the node v; reachability: 


K ,; = max dj. 
l<sj<n 
The central v;- node possesses the least K6nig's number: K ; = min K ;. 


l<i<n 
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i 


The degree of deviation of the i-th node from the central one: nj = 


The index of hierarchy y; = d(vi, Vis ) shows the topological distance from the central 
node. Nodes with the same values of index of hierarchy form a tier. Centrality is useful for 
analysis of centers location of local or regional entities, transportation nodes. A measure of 
centrality on the set of centralities {Si} of graph nodes is integration of: 


1 1 
S = d; = Si 3 
7% 7% 
The S. index of centrality of the center node defines the graph unipolarity: 
S; = min Si. 


The variance on a set of central nodes describes the graph centralization: 


H= Yi —Si+) = 2S — nS. 


The territory of the city consists of finite sets of objects: the set of enterprises, 
buildings, roads, etc. The essence of the territorial community consists in existing 
mathematical relationships between these objects. The configuration of line-node structure 
of territory objects placement and relationship is modeled using graphs [11]. For example, 
structures simulated by graphs in Fig. 1 describe three stages of territory development: 
initial (a), medium (b), ripe (c) on a qualitative level. 


6 


4 1 
a 1 5 3 
12’ 3 7 3 

q 6 
a) b) Cc) 


Figure | — Graphs model for three stages of the territory development: initial (a), 
medium (b) and ripe (c) 


Connected graph is modeling the structure of urban subway and road network. The 
graph is connected if there is a path from any node to any other. 

The graph connectivity parameters characterize it intenseness with ribs and degree of 
triangulation. The best known of them are three connectivity parameters — a, ,@ -indexes: 


Beles 0<a<l: (1) 
2n—5 
=<, 0<B<3; (2) 
n 
m 
= 0<o<l, 3 
9 smd ® (3) 
where m, n, k are the number of edges, nodes and graph connected components 


respectively. 
To calculate the graph shape parameters the matrix M = (uu; )i SD ee = lath 
of ordinal vicinity can be used: 


i, = {the number of vicinal vertices of the j-th order for the node v,} ' 
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where vicinal nodes of the j-th order for node v, are nodes of the D(v,,) tier 


(neighbors of the 1-st order — adjacent nodes). For example, the sequence neighborhood 
matrixes for graphs from Fig. 1(a), Fig. 1(b), Fig. 1(c) are represented in Fig. 2. 


PEPE £4 227208 33 10 0 0 
an ae ae ee a 321000 33 10 0 0 
e277 04 3300 00 33 10 0 0 
222000 231000 6000 0 0 
221100 321000 33 10 0 0 
vay ae ane cae ae 22-7 2 0-0 33 100 0 
oa ad 222.00 0] 2 20. 0 | 
a) b) c) 


Figure 2 — Sequence neighborhood matrix for graphs from Fig. 1 


If two graphs possess same number of nodes the more compact of them is the one 
having more zero columns in the M matrix. The graph on Fig.1(c) is more compact than 
the graphs in Fig.1(a) and Fig.1(b) (2 times and 4/3 times, respectively). 

The ratio of the graph edges total length P to its diameter D determines the shape of 
the graph described by z-index: 7 = P/D. 

Table 1 present values of the observed parameters for 3 graph model shown in Fig. 1. 


Table 1 — Parameters of graphs structures shown in Fig. 1. 


Graph Centrality 
é S|=S7=21 K,=K7=6 | n1=n7=1.8 | yi=y7=3 S=56 |H=28 
S2=S¢=16 Ky=Ke=5 No=No= 1 2 Yy2- Yo=2 S-=12 
S3=H4=13 Ka=Ks=4- | =n5- 1,0) 7s= yl 
S4= re Ky=3 Na=1 vy 4=0 
1 = 
S|=15 Ke=4 | m=l.7 |y=y=2 | S=43 | H=23 
So= S6=13 Ky4=Ke=4 No=No= 1.4 Yoe=2 S;=9 
83=9, S4=14 K;=K7=3 N3=1 Y 2=Ys=1 
S5=10 K,=2 na=1,6 y7=1 
S7=12 Hs=1,1 y4=0 
i*=3 We=1.3 
S1}=S2=9 K,=K)=2 M=n2=1,5 V1=Vy2=1 S=30 H=18 
S3=S5=9 K3=Ks=2 n3=Ns=1,5 Y3=Ys=1 Si=6 
So6=S7=9 K6=K7=2 Ne=n7=1 rm) Yo=y7= 1 
S46 Ky=1 n=l 6 ya=0 
1 =, 
Connectivity 
(a) a =0 6 =09|. 9 =04 
(b) a =0,2 p =1,1 go =0,5 
(c) a =0,7 B =1,7 o =0,8 
Shape 
(a) Q=0 | 
(b) Q=2 re 2 
(c) Q=3 n=6 


For attributed graph with weighted edges the diameter of the graph and the length of 
its edges can be expressed not only topologically (as the number of edges), but also 
metrically (through the attributes of edges). 
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The Examples of Analysis of Subway 
Graphs Network Characteristics 


Consider an example demonstrating the usefulness of analysis of the graph structure for 
spatially referenced objects [10]. Given network of roads is represented as graph in Fig. 3. 
Each edge of the graph is the road, each node — the station (point) or a node of roads 
intersection. External road (indicated by arrows) were not take into account because of their 
secondary importance. Assume that 7 new roads indicated by dashed lines in Fig. 3 were 
designed. 

Which of these roads will have the greatest impact on the availability of one point 
with respect to another within the territory? How will the appearance of each new road 
impact on the relative availability of individual points within the network? To answer these 
questions, the parameters of centrality of the original graph (with no new roads) and graphs 
(a) — (f) in Fig. 3 were calculated. The calculated parameters are presented in Table 2. 

It is evident from the table that each new road improves communication between 
settlements (reduces average path length in the network of roads), but their effectiveness 
varies. 


4 

TNA 
(a) (b) (c) 
(d) (c) (f) 


——-— - proposed roads 


Figure 3 — The impact of new roads in the network on the relative availability 
of settlements (dots highlights items that will benefit from the construction of these roads, 
the size of dots indicates the degree of winning) 
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Table 2 — The parameters of graphs modeling road networks 
Roads network graphs (according to Fig. 3) 
Initial a b c d € 


Paramerets 


The average 
length of the path 242 220 238 216 217, 221 174 
in the network 


Six 190 178 190 168 156 164 122 
Ss 4359 3961 4283 3895 3920 3982 3125 
The place- 
preference 9 4 6 2 3 5 i 


(according to S) 
H 


% of decrease of 


a average path 0 9,1 19 10,6 10,0 8,6 28,3 
ength in the 

network 

Nodes v; : Aio=70_ | A36=33 | A37=105 | Ani=80 | Api=74 | A37=146 
beneficial to the Ayi=58 | A37=33 | Ayz=104 | A3i=65 | Aoo=36 | Ayo=141 
new road with the As=52 | A3s=10 | Az6=74 | Ago=43 | Aio=34 | Azo=126 

degree Aj Ag=46 Ay3=69 Aig=40 A1g=34 An =122 

A3=46 Ay=52 Ajo=40 A31=106 


The most effective road is (f) as it reduces the average length of a path in the network 
on 10.6%, the least effective — (b). Simultaneous creation of new roads (a) - (f), shown by 
the graph in Fig. 3 (f), reduces the average path length of the network on 28.3%. The 
benefit taken for settlements from building the new roads is determined by changes in the 
average path length for each locality. For the (a) road construction the most interested are 
the 10-th, 11-th and 5-th settlements, in road (b) - the 36-th, 37-th, in road (c) — the 37-th, 
12-th, 36-th, in road (d) — the 21-th, 31-th, 20-th, for the (e) road — the 21-th, 20-th 
settlements. The costs given by settlements for building of new roads can be distributed in 
proportion to the winning, defined by parameter A; (A; = Sj nodeinitiatgraph - Si) in Table 2. 


Calculation of Subway Indexes 


In the other example the subway network graphs structure for some European cities 
is analyzed (Table 3). All subway schemes and cities subway statistics are available 
through [12, 13] (Table 4, 5, 6). The number of stations X, includes transfer stations taken 
from [14]. The number of edges and nodes m, n of subway network graphs are calculated 
by the scheme taking into account the fact that several transfer stations (from various 
subway lines) create one node of the graph. 

Correlation coefficients for graph connectivity characteristics (a,{,7 indexes — 
alfa, beta, P;, PID) and input indexes X,,X>,...,X6 is the highest for the 2-indexes and 
the lowest for  -indexes — f;. This means that the 7 - indices are informative characteristic 
for analysis of subways networks graphs (Table 7). 

The Paris, Moscow, Prague, Kiev and Saint Petersburg are characterized by the largest 
values of passenger-to-kilometers (kilometers) ratio, which is especially evident from fig.4(b) 
in auxiliary scale. Only Prague and Kiev have in common the largest values of passenger / 
population ratio (this fact may be caused by the large number of tourists) (fig.4(a)). 
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Table 3 — Subway schemes of European cities _ 
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Table 4 — Input data for subways 


: : : Number | Urban 
se | le cubway | Teazth | Ponuiaton | rideraip per | Nop | ‘aren, | Nami 
7 location) : stations km? 
X X, X3 X4 Xs Xo 
1 | Athens 78,3 3,50 407 64 583 3 
2 | Berlin 146,11 3,95 507 196 1347 9 
3__| Budapest 32,3 1,73 171 42 894 3 
4 | Warsaw 21,7 1,71 139 21 544 1 
5 | Hamburg 112,9 1,79 209 108 712 4 
6 | Dnepropetrovsk 7,1 1,00 8 6 324 1 
7 | Kiev 65,9 2,81 527 51 544 3 
8 | London 470 9,40 1171 381 1623 11 
9 | Madrid 224,5 5,90 602 288 1321 13 
10 | Minsk 35,4 1,85 281 28 324 2 
11 | Moscow 313,1 15,50 2464 188 4403 12 
12 | Paris 217,3 10,36 1524 383 2845 16 
13 | Prague 59,4 1,27 589 57 285 3 
Saint 
14 | Petersburg 113 4,84 a et 1191 . 
15 | Kharkov 39,3 1,45 239 29 466 3 
Table 5 — Subway characteristics 
City Edges | Node |Frequency| Areal ae oa Honea aX al 
: : ; density of|density of|density of| 
Ne (subway weights | weights | of travels | weights : : : 
location) : lines stations | stations 
X3/X1_ | X3/X4 X3/X2__ | X3/Xs*10° | Xs5/Xi_ | Xi/X4_ | X5/X4 
1 |Athens 52 6,4 116,3 698,1 7,4 132 9,1 
2 Berlin 25 2,6 128,4 376,6 9,2 0,7 6,9 
3 Budapest Be, 4,1 98,6 190,7 27,7 0,8 21,3 
4 |Warsaw 6,4 6,6 81,4 25559 2551 1,0 25,9 
5 [Hamburg 1,9 1.9 116,8 293,5 6,3 1,0 6,6 
6 [Dnepropetrovsk iP | 1,4 8,1 25,0 45,6 1,2 54,0 
7 (Kiev 8,0 10,3 187,8 968,2 8,3 1,3 10,7 
8 (London 2) Del 124,6 72155 330 1,2 4,3 
9 [Madrid 2.7 231 101,9 455,3 a 0,8 4.6 
10 Minsk co 10,0 152,3 868,2 9,2 1,3 11,6 
11 Moscow 7,9 13,1 159,0 559.6 14,1 1,7 23,4 
12 Paris 7,0 4,0 147,2 33557 13,1 0,6 7,4 
13 [Prague 9,9 10,3 465,8 2067,4 4.8 1,0 5,0 
14 Saint Petersburg | 6,9 Ay 162.0 658,2 10,5 1,7 17,8 
15 [Kharkov 6,1 8,3 165,0 513,5 LL,9 1,4 16,1 
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Table 6 — Subway graphs characteristics 


City (subwa DM : Pi PID 
a5 ee * | m) on | P| D (D, km) | 2! | beta | f | (pp) | cxypM) 
1 |Athens 61 60 61 | 23 35,0 0,02 | 1,02 | 0,35 2,65 2,24 
2 |Berlin 187 | 177 | 187 | 39 31,8 0,03 | 1,06 | 0,36 4,79 4,60 
3 [Budapest 39 | 40 39 | 19 17,3 0,00 | 0,98 | 0,34 2,05 1,87 
4 |Warsaw 20 | 21 20 | 20 21,7 0,00 | 0,95 | 0,35 1,00 1,00 
5 (Hamburg 104 | 97 | 104 | 45 55,8 0,04 | 1,07 | 0,36 2,31 2,02 
6 |Dnepropetrovsk 5 6 5 5 7,1 0,00 | 0,83 | 0,42 1,00 1,00 
7 [Kiev 48 | 48 48 | 17 23,9 0,01 | 1,00 | 0,35 2,82 2,76 
8 [London 370 | 316 | 370 | 59 74,0 0,09 | 1,17 | 0,39 6,27 6,35 
9 |Madrid 276 | 237 | 276 | 32 40,6 0,09 | 1,16 | 0,39 8,63 5,53 
10 Minsk 26 | 27 26 | 13 18,1 0,00 | 0,96 | 0,35 2,00 1,96 
11 Moscow 176 | 152 | 176 | 24 45,1 0,08 | 1,16 | 0,39 7,33 6,94 
12 Paris 367 | 307 | 367 | 37 24,3 0,10 | 1,20 | 0,40 9,92 8,94 
13 |Prague 54 | 54 54 | 23 25,6 0,01 | 1,00 | 0,35 2,35 2,32 
14 |Saint Petersburg 62 | 59 62 | 18 30,1 0,04 | 1,05 | 0,36 3,44 3,75 
15 Kharkov 26 | 26 26 | 12 17,3 0,02 | 1,00 | 0,36 2,17 2,27 


Table 7 — Correlation coefficients for subway graphs characteristics 


X1 | X2 | X3 | X4 ) X5 | X6 | alfa | beta | fi P; | PID 


Gj 1 

xX | 08 a 

X;_| 0,7 

X, | 0.8] 0,81 0,6 | 

X;_| 0.7 MM 09] 0,7 1 

X, | 0.81 0.8 0.8 i 0.3 
alfa | 0.9 | 0.8| 0.8/0.9] 0.8] 0.9 | 1 


beta Osieson 0.7 Oey 0.7 Oi 1 
ig 0.5 | 0.5 | 0.4] 0.6/ 05] 0.6) 0.6/ 0,3 1 
P; 0.8 | 0.8 | 0.8 Ea 0.8 BE 0.9) 0.9) 0.6 1 

PID 0,8 | 0,9 | 0,8 | 0,9} 0,8 Ry 0.9; 0,9 | 0,5 fim 1 


Does the ridership per year depend on parameters of the graph? According to Fig. 5, 
the P; parameter of the Paris and Madrid subway network graphs allows to suggest about 
the possibility to increase ridership in these cities in comparison with the observed 
situation. Ridership per year in Moscow, Saint Petersburg and Prague are optimal with 


respect to P; parameter. At the same time the difference (Fig. 6) of P; -— (calculated 


from the graph) and PID= = (calculated from the length of subway lines in km) 


parameters is the largest for Madrid and Paris. Paris and Madrid subway networks may 
have the largest passenger traffic (larger than in Moscow). 

If we compare the subway networks to indicate how the total length of subway lines 
(X,) matches to 2-index (Fig. 7), we will conclude that the London network is the longest 
and possesses the lower z-index value than the Paris network (whose length is two times 
shorter). 
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Figure 4 — Plots for subway characteristics of European cities: a) ridership per year 
(millions) and population (millions); b) ridership per year (millions) and length (km) 


Ridership per year (million), X3 


Figure 5 — Plots of ridership and 7 -index values 
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Pi - PID 


Figure 6 — Differences of P; and PID indexes 
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Figure 7 — Plots of Length P (km) and z-index values 


Clustering of examined networks based on graph characteristics (a , fi, — indexes) into 
K clusters (K = 2,3,4) using the k -means method highlights the next clusters (Table 8). 


Table 8 — Clustering of subway networks based on graph characteristics 


Clustering on the basis of a, B, 1 Clustering on the basis of X,, 
— indexes X», X3, X4, Xs characteristics 
K=2 K=3 K=4 K=2 K=3 K=4 

2 2 


City (subway 
location) 


Athens 

Berlin 

Budapest 
Warsaw 
Hamburg 
Dnepropetrovsk 
Kiev 

London 

Madrid 

Minsk 

Moscow 

Paris 

Prague 

Saint Petersburg 
Kharkov 
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The peculiarities of obtained clusters: 
— (London, Madrid, Moscow, Paris) are characterized by the highest values of the 
a, ,7 parameters; 


— for (Berlin, Saint Petersburg) the values of parameters are above average; 
— for (Athens, Budapest, Hamburg, Kiev, Minsk, Prague, Kharkov) the values of 
o,f ,7 parameters are close to average; 


— (Warsaw, Dnepropetrovsk) are characterized by the lowest values of a ,f ,= parameters. 
Cities clustering on the basis of input characteristics (X,,X.,X%4,Xs5) does not 


include Madrid, Moscow or Warsaw, Dnepropetrovsk into the same cluster. So the 
structure of cluster of subway network graphs based on a,f},7 indexes is not the same as 


the structure of clusters based on input data X,,X.,X3,X4,X5. 


Conclusions 


The methodic for city subway networks analysis on the basis of graph characteristics 
(centrality, connectivity and shape) is proposed. The subways characteristics are calculated 
from values of subways indexes (number of lines, number of stations, length in kilometers, 
ridership per year) and from indicators of cities urbanization (area and population). A 
relationship between graphs (roads) structure and weights of their edges, between z-index 
describing the shape of the graph and the number of passengers is demonstrated. It is 
shown on a practical example that the analysis of structure of proposed road network 
graphs can be useful in determining the sequence of new roads construction. Clustering of 
underground transport networks based on characteristics of network graph structure was 
performed for the first time. 
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RESUME 
L. Sarycheva, K. Sergieieva 
Graph Analysis of Underground Transport Networks 

Background: Researches on applying graph theory to analyze transportation 
networks have been carrying out since the 1960-s till the present days. The most famous 
works were published by David Levinson, Mike Batty, Paul Longley etc. Analysis of 
transport networks graphs involves solving problems: forecasting and evaluating transport 
network growth; studying the influence of transport network structure and topology on 
quantitative indicators of traffic flows; investigation of dependence of network structure 
from the size of cities ground transportation and urban structure; construction of dynamic 
models of urban systems using GIS technologies based on cellular automata, agent-based 
modeling and fractal analysis; investigation relationships between quantitative indicators 
of transport network structure and its performance, density and urban spatial pattern, and 
the trips distance for early solution of transport problems etc. The up-to-date researches 
don’t pay enough attention to network bandwidth analysis depending on the parameters of 
structure of the network graph. This aspect is investigated in the paper. 

Materials and methods: The subway network graphs structure for some European 
cities is analyzed using the methods of graph theory and clustering. The number of edges 
and nodes of subway network graphs were calculated by the scheme taking into account 
the fact that several transfer stations (from various subway lines) create one node of the 
graph. All subway schemes and cities subway statistics are available through Internet. 

Results: It is observer that the ridership per year depends on parameters of the graph. 
In Paris and Madrid subway network graphs structure indexes allow to suggest about the 
possibility to increase ridership in these cities in comparison with the observed situation. 
Ridership per year in Moscow, Saint Petersburg and Prague are optimal. At the same time 
Paris and Madrid subway networks may have the largest passenger traffic (larger than in 
Moscow). Clustering of examined networks based on graph characteristics) into clusters 
highlights the next clusters: London, Madrid, Moscow, Paris are characterized by the 
highest values of the graph connectivity parameters; for Berlin, Saint Petersburg the values 
of parameters are above average; for Athens, Budapest, Hamburg, Kiev, Minsk, Prague, 
Kharkov the values of graph connectivity parameters are close to average; Warsaw, 
Dnepropetrovsk are characterized by the lowest values of parameters. The structure of 
cluster of subway network graphs based on indexes is not the same as the structure of 
clusters based on input data. 

Conclusion: The methodic for city subway networks analysis on the basis of graph 
characteristics (centrality, connectivity and shape) is proposed. The subways characteristics are 
calculated from values of subways indexes (number of lines, number of stations, length in 
kilometers, ridership per year) and from indicators of cities urbanization (area and population). 
The relationship between graphs (roads) structure and weights of their edges, between ™ -index 
describing the shape of the graph and the number of passengers is demonstrated. It is shown on a 
practical example that the analysis of structure of proposed road network graphs can be useful in 
determining the sequence of new roads construction. Clustering of underground transport 
networks based on characteristics of network graph structure was performed for the first time. 
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